Background. The importance of respiratory syncytial virus (RSV) infection in adults is not well known, because laboratory testing for RSV infection is not routine. Both RSV infection and influenza are seasonally related, and it is difficult to disentangle one from the other and to disentangle infection from the season and the cold.
M A J O R A R T I C L E
The Association of Respiratory Syncytial Virus Infection and Influenza with Emergency Admissions for Respiratory Disease in London: An Analysis of Routine Surveillance Data
The magnitude of the impact of RSV infection on adults is not clearly known. A recent cohort study of patients with chronic lung disease in the United States, which compared rates of hospitalization due to cardiopulmonary illness during the RSV infection season and summer, suggested that 3% of hospitalizations due to cardiopulmonary illness were attributable to RSV infection in persons aged у65 years [4] , similar in proportion to infections attributable to influenza in this age group. RSV infection also appears, from one ecological analysis of mortality (as opposed to hospitalizations) in the United Kingdom from 1975 to 1990, to be responsible for as many deaths as influenza, but it is submerged in the yearly excess winter deaths [5] . A more recent ecological analysis of time trends of deaths in the United States, which used a simple trigonometric term to adjust for seasonal variations, suggested that RSV was a less important cause of death than influenza virus A, except in infants [6] .
Such analyses have begun to separate the role of RSV from a general effect of season and influenza infection [5, 6] or the direct effects of cold temperature [5] . Improved statistical methods developed for the study of air pollution and health [7] , however, promise to enable better disentangling of potential specific causes of variation. In our study, we used these new methods to quantify the specific burden of disease from RSV and influenza in terms of hospitalizations in Greater London.
METHODS
Age-stratified data on emergency hospital admissions among residents of Greater London, 1 April 1994-31 March 2000, were obtained from the Department of Health [8] . Respiratory disease was diagnosed according to the guidelines of the National Center for Health Statistics [9] and was assigned using the first cause-of-admission field for each record. We used data from laboratory reports to the Public Health Laboratory Service, from which regional counts were derived for the 2 weeks prior to each patient's day of admission, as markers of circulating RSV and influenza. However, because the lag (interval) between laboratory-confirmed infection and subsequent hospitalization is not clearly known, the sensitivity of the results to varying this time lag was assessed.
Daily meteorological data (maximum and minimum temperature, relative humidity at 6 a.m. and 3 p.m., and vapor pressure) were provided by the Meteorological Office's Heathrow weather station. Daily average temperature and relative humidity were calculated as the mean of their 2 respective (i.e., low and high) values. Daily 24-h average concentrations of airborne particulates (PM 10 ) and the average value each day of the maximum ozone concentrations taken in each 8-h period were obtained for the Bexley monitoring station in southeast London from the Archives of the National Air Quality Monitoring Network maintained by the National Environmental Technology Centre in Culham.
The dependence of daily counts of hospital admission for respiratory disease on RSV and influenza was examined by Poisson regression adapted for time series data, a model extensively developed for investigating associations of daily air pollution and health outcomes [10] . The effect of RSV on hospital admissions for respiratory disease was disentangled from the effects of temperature and influenza by adding the latter as factors in the model. The use of time series data (the unit of observation in this analysis was a day) removes the need to control for conventional confounders, such as smoking or age distribution among the population, because they do not change much over a short period of time, unlike the main exposure of interest here, the risk of exposure to circulating respiratory viruses. We used an indicator variable for each month of the year to control for season and a year indicator to control for secular trend. Temperature was modelled using a linear term for heat (average for intervals of 0-2 days) and cold (average for intervals of 0-13 days) above and below threshold values for admissions due to respiratory disease identified previously [11] . Indicator variables were also used for day of week, public holidays, and the Christmas and New Year periods. A scale dispersion parameter (Pearson) was used to allow for the slight overdispersion present in all models.
Inspection of model residuals suggested that, even after inclusion of all covariates, admission levels on any given day were still correlated with those up to 3 days previously; 3 autoregressive terms were therefore included in all models [12] . Results are presented as the rate ratio (RR) for a 10th-90th percentile change in RSV and/or influenza counts (defined as the daily number of laboratory reports of RSV or influenza) after adjustment for this serial correlation. The choice of other scales would change the size of the RRs but not the extent of their statistical significance. The proportion of admissions attributable to RSV infection and to influenza was calculated using the fitted RRs for RSV or influenza for each day of the series (percent excess p (RRϪ1) ϫ 100). The attributable rate of admission (per 1000 population per year) was then calculated by dividing the attributable number of admissions (calculated as attributable proportion ϫ total number of admissions) by the resident population of London for the relevant age group. All analyses were conducted with Stata 8 software, version 8.1 (Stata).
RESULTS
Although a high proportion of emergency admissions for respiratory disease occurred in children, especially those aged !1 year, two-thirds occurred in older age groups (table 1). The surveillance data for RSV and influenza showed strong seasonality, with peaks during the winter months when hospital admissions due to respiratory illness are also highest (figure 1). Unadjusted regression models suggest that a 10th-90th percentile increase in the RSV count was associated with a 17-fold increase in the admission rate for respiratory disease in children aged !1 year and ∼10-fold for those in older age groups (table  2) . However, much of the association between RSV infection and admission for respiratory illness appears to be explained by seasonality and, to a lesser extent, by ambient temperature, because rate ratios are substantially lower after adjustment for these factors. After inclusion of all covariates, including air pollution, humidity, and indicators of public holidays, the point estimates for RSV-associated hospital admission were all close to 1 except in the !1-year-old and у65-year-old age groups (table 2 and figure 2). For infants, the risk of admission with high RSV activity (defined as the top 10% of days included in the analysis, when RSV counts were highest) was 36% higher than in days when RSV activity was low (defined as the bottom 10% of days included in the analysis, when RSV counts were lowest), and this appeared to be independent of the effect of influenza on hospital admission. In persons aged у65 years, there was a 9% increased risk of admission, but the risk was sensitive to the lag period used. The time over which laboratory reports were taken into account prior to admissions made little difference to the results in young age groups. Using laboratory report-generated RSV counts from days 0-7 and 0-10 prior to admission, we estimated that the RRs for admissions associated with RSV infection in the !1-year-old age group were 1.37 (95% CI, 1.30-1.46) and 1.39 (95% CI, 1.31-1.48), respectively. In the у65-year-old age group, however, the RR increased from 0.99 (from reports from 0-7 days prior to admission; 95% CI, 0.95-1.03), to 1.05 (from reports from 0-10 days prior to admission; 95% CI, 1.00-1.10).
The results of the influenza count (table 3 and figure 3 ) also suggest a strong unadjusted association with emergency admission for respiratory disease, but again, this is mainly ac- counted for by season and temperature. In the full model, with adjustment for RSV activity, an effect of influenza on hospital admissions could not be seen in the !1-year-old age group (RR, 0.94; 95% CI, 0.90-0.98). The estimates remained unchanged when the lag was varied (RR 0.98; 95% CI, 0.94-1.02 for a lag of 0-7 days; and RR, 0.98; 95% CI, 0.94-1.02 for a lag of 0-10 days). There were, however, clear, robust, associations between admissions due to respiratory disease and influenza activity in adults, especially in those aged у65 years (RR, 1.14; 95% CI, 1.12-1.17), with RRs of 1.18 (95% CI, 1.15-1.21) with a lag of 0-7 days between infection and hospitalization, and 1.18 (95% CI, 1.15-1.21) with a lag of 0-10 days.
From the final models, the percentage of admissions attributable to RSV infections in infants aged !1 year was estimated to be 8.2%. Admission rates attributable to RSV infection were 5.0 per 1000 admissions per year (calculated from the mean number of respiratory admissions per day in !1-year-old age group, multiplied by 8.2, divided by the population aged !1 year, multiplied by 365.25) (table 4). With the extra assumption that a period of 2 weeks between infection and admission was required specifically in those aged у65 years, 1.2% of admissions were attributable to RSV infection (which is equal to the average admission rate of 0.7 per 1000 population per year). The proportion of emergency respiratory admission rates attributable to influenza in persons aged у65 years was 3.7%. This translates to an average admission rate of 1.1 per 1000 population per year.
DISCUSSION
This analysis examined temporal variation of emergency hospitalizations due to respiratory disease against temporal variation of RSV and influenza activity from laboratory reports, used as indicators of rates of transmission of these viruses in the population. The results confirmed that RSV was an important cause of emergency respiratory disease-associated admissions in infants. No association was seen in other age groups except possibly in elderly people. The small association noted NOTE. Influenza count is defined as the daily number of laboratory reports of influenza. Model 2 is defined as data adjusted for season, trend, and day of week; model 3 is model 2 plus outdoor temperature; model 4 is model 3 plus public holidays, the Christmas period, air pollutants, relative humidity, and vapor pressure; model 5, which is fully adjusted, is model 4 plus respiratory syncytial virus. in the elderly should be treated with caution, because there is some statistical uncertainty, together with a marked sensitivity to assumptions, about the time lag between infection and admission. Results for influenza were the mirror image of those for RSV, with significant proportions of admissions attributable to influenza among adults but not among children or infants in this dataset from 1994 to 2000.
The results for RSV infection in infants are consistent with the well-established importance of etiological agents that cause acute respiratory illness in this age group, with RSV as the major cause of bronchiolitis. A German study of infants found virologically confirmed, average RSV admission rates of 15 per 1000 population between 1994 and 2001 [13] . Rates of a similar order were also noted in a US study during the 2000-2001 season [14] .
The absence of a significant proportion of admissions attributable to RSV in older children is consistent with a greater immunity in childhood than in infancy. The impact of RSV infection among older adults is less clear. Most children have had RSV infection by the age of 2 years, but immunity is not lifelong. Recurrent infections in adulthood are common but are thought to be less severe [1] , although a recent, prospective cohort study with active laboratory surveillance of RSV found that 16% of working-age adults with RSV infection had lower respiratory illnesses such as acute bronchitis or wheezing [15] . A recent, small, prospective cohort study also noted that 3%-7% of healthy persons aged у65 years developed symptomatic RSV infection per year, which rose to 4%-10% in those who were at high risk because of underlying cardiopulmonary problems, but only those at high risk required admission (10 per 1000 person-years) [16] . Adults are not routinely evaluated for RSV infection, so the indirect approach we have used to quantify the burden of RSV infection among older persons appears one of the few ways of doing this without the expense of field studies. We did not find an important impact on morbidity causing hospital admission. Only with a long lead-in from infection to subsequent hospitalization did 0.7 per 1000 population emergency admission rates due to respiratory disease in persons aged у65 years in London appear to be attributable to RSV infection. A longer time lag between RSV infection and hospitalization among infants than between infection and hospitalization among adults is not implausible, given increasing immunity with age and given that infants often become ill first and subsequently pass infection to adults. Influenza transmission may be quicker, given the yearly drift in antigenicity that would result in less variation in immunity by age compared with RSV infection. There are few directly comparable estimates regarding the role of RSV infection in hospital admissions of elderly people. One is a case series of patients aged 164 years who were admitted with acute cardiopulmonary or influenza-like illnesses in the United States [17] . Ten percent of those admitted from November to April during 1989-1992 were found by serologic examination and culture to have RSV infection. Cardiopulmonary and influenza-like illnesses, however, represent only a portion of all admissions due to respiratory disease, which was the denominator in our study. The estimate from the US case series is, therefore, expected to be higher than ours. Further, only half of all such persons admitted to the hospital had samples obtained for testing, with the possibility that patients more likely to have been infected were included, which could overestimate the attributable risk [17] . In a study closer in methodology to ours, 3% of cardiopulmonary admissions among persons in the United States aged 164 years who had chronic lung disease were estimated as attributable to RSV infection [4] . Confounding by other time-varying factors-in particular, cold weather-was, however, not excluded.
It is remarkable how much estimates of association of both RSV infection and influenza with hospitalization rates decreased after adjustment for season and temperature. This reflects the close correlation of both infections with season. Such inclusion of closely correlated variables is known to reduce the precision of the effect of the variable of interest (i.e., increase the CIs), but it does not, in general, bias the point estimates downward (i.e., cause overadjustment). Such a "bias to the null" may, however, be caused by classical measurement error in the infection counts as measures of circulating infection, and this bias is increased in the presence of other predictors strongly correlated with the infection counts, especially if these other predictors are measured with no or less error [18] .
Two factors, in addition to small numbers, may thus have contributed to the apparently small relationship between RSV infection and emergency admission rates, except in the !1-year-old age group: damping of hospital admission rates by the fixed number of hospital beds, especially during winter months, and imprecision in laboratory report counts as indicators of circulating RSV. The similarity of our estimates of admissions due to RSV infection among infants with other estimates suggests that these biases are unlikely to be large, but the latter source of bias may be more important among adults, as the surveillance data for RSV come mainly from infants admitted to hospital for bronchiolitis [1] .
Our estimate that influenza accounts for just over 3% of emergency admissions due to respiratory illness (1.1 per 1000 respiratory illness-associated admissions) in persons aged у65 years is consistent with the finding that, on average, 9000 respiratory disease-associated admissions in persons aged у65 years in England per year from 1990 to 1997 were due to influenza, using baseline weeks with no influenza activity to calculate the excess [19] . About 200,000 respiratory chapter inpatient episodes occur each year in this age group and time period (unpublished data, Hospital Episode Statistics), implying that 9000 (4.5%) of 200,000 respiratory disease-associated admissions, or, a rate of 1.2 admissions per 1000 admissions for persons aged у65 years were attributable to influenza. Similar rates of 2-4 per 1000 admissions were noted in the United States from a model controlling for season and trends over time [20] . Fractions of admissions attributable to influenza will depend, however, on the rate of vaccination in the population under study-which has increased over the last 2 decades to reach 65% among persons aged у65 years during the winter of 2000-2001 [21] .
A surprising result was the lack of an association between hospitalizations of infants and influenza, although a small as-sociation existed among older children and younger adults. Vaccination in children is not likely to be the reason, because in the United Kingdom, it is recommended only for those with medical conditions that put them at high risk for influenza, with coverage of just over 3% among 0-19-year-olds [22] . Cohort studies with laboratory-confirmed diagnoses suggest a hospitalization rate of ∼2 per 1000 population, but with a potentially upward bias from only moderate response rates of 60% [13] to just over 70% [ 14] . Hospitalization rate differences in seasons with circulating influenza compared with seasons without circulating influenza in the United States were also of similar magnitude [23] . The problem, however, in this latter analysis was that the confounding role of other weather-related effects was not taken into account. Thus, although most other studies are in agreement with our findings that fewer admissions in infants are attributable to influenza than to RSV infection, a significant rate of influenza-related admissions in infants was not seen.
In summary, we have piloted the use of modern methods of handling time series data for their potential to provide a more accurate assessment of the impact of RSV infection and influenza on hospital admission. We note that control for confounding by seasonal factors (both viruses are highly seasonal) had enormous influence on estimates of association. Clearly, tight control for season and temperature is a prerequisite in any similar approach to estimating the impact of these viral infections on admissions. The small influence of RSV infection outside the !1-year-old age group and the difficulty of measuring rates attributable to influenza in infants suggests the need for further analyses of larger data sets of hospitalizations as well as mortality and with moreaccurate measures of community transmission of respiratory viruses. The methods used in this article are potentially of use in settings where virological confirmation of cause in individuals is not possible, as well to periodically assess preventable winterrelated morbidity and mortality.
